In a two-dimensional system without inversion symmetry, such as a surface or interface, the potential-asymmetry-induced electric field can create the Rashba effect, which is spin-band splitting caused by spin-orbit coupling (SOC). On the basis of Rashba splitting, several promising spintronic devices, such as the Datta-Das spin transistor, have been designed for manipulating spin precession in the absence of a magnetic field. Rashba splitting can be created in several metal quantum well states (QWSs), such as in Pb/Si; however, the effect is usually moderate because the itinerant carriers within the metal film strongly screen out the electric field. A large Rashba splitting can be found in the unoccupied QWSs of the Bi monolayer on Cu (111); however, the metallic substrate limits the diversity of its applications. To achieve strong Rashba splitting in metal thin film based on an insulating substrate, which is most desirable, we propose the normal metal (NM)/topological insulator (TI) heterostructure for manufacturing Rashba-type splitting in NM QWSs. In such a hybrid system, the TI spin-momentum-locking Dirac surface state associated with SOC strongly modifies the penetration depth of the NM QWS into the TI substrate according to the spin orientation, leading to strong Rashba-type splittings in the NM QWS. Combining ab initio calculations and analytical modeling, the momentum separation of the Rashba splitting in the NM QWS can be as large as 0.18 Å − 1 , which is the largest ever found in metal-film/non-metallic substrate systems. Furthermore, the induced spin polarization in the Rashba band is nearly 100%, much higher than the typical value of 40-50% in the TI surface state itself. This remarkably large Rashba splitting and the high spin polarization in the NM QWS evoked by the spin chirality of the TI surface state confer great potential for the development of spintronic devices. 
INTRODUCTION
One of the major tasks in the development of semiconductor spintronics is finding a material with remarkable Rashba-type splitting to control the spin current. For example, the Datta-Das spin transistor, 1 proposed for more than 20 years, switches the spin current by controlling the magnitude of Rashba splitting of a two-dimensional electron gas in a semiconductor heterostructure. [2] [3] [4] [5] [6] After decades of trials, the Datta-Das spin transistor has finally been experimentally realized recently. 7 However, the mild splitting of the two-dimensional electron gas bands is inapplicable for spin transistors working at room temperature or designed in the nanoscale. [7] [8] [9] A much more feasible approach is thus highly desirable.
Alternatively, giant Rashba splittings can be found in the surface state (SS) of noble-metal-based surface alloys with strong spin-orbit couplings (SOCs) in heavy atoms. 10, 11 The interatomic electric field at the surface-alloy plane is the key to the giant splitting. 12 Regarding the influence of the metal host, the SS would be hidden in the spintronics functions; therefore, efforts have been made on searching for materials with remarkable Rashba splittings for bulk carriers such as BiTeI (refs 13-16) .
Metallic thin film is the building block for future nanotechnology, and quantum well states (QWSs) dominate its transport properties. Thus, Rashba or spin-band splittings created in QWSs over nonmetallic substrates [17] [18] [19] [20] [21] [22] are of great industrial potential. However, it is a great challenge to create a remarkable Rashba splitting in NM QWSs because of the strong screening effect in the metallic film. For a film thicker than a few monolayers (MLs), the electronic structure is robust against the electric field applied at the boundaries. 23 The only exception is the significant splitting observed in the unoccupied QWS in the Bi ML over the metallic Cu(111) substrate. 22 To create the large Rashba-type splitting in the QWSs of metallic thin films on non-metallic substrates, we propose another physical source: the spin chirality at the boundary of a topological insulator (TI). The TI is a newly discovered phase of matter in which the chiral conducting channels, namely, the SOC caused spin-momentumlocking SSs, form at the boundaries of the bulk insulator and are protected by the time-reversal symmetry. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] For a normal metal (NM)/TI heterostructure, or equivalently NM/semiconductor with a chiral spin texture SS, the SOC in the TI has the role of the orbitaldependent magnetic field in an insulator, 36, 37 and allows the NM QWS with the same spin and chirality as the TI SS to penetrate deeper than that with opposite spin and chirality. Moreover, the hybridization between the TI SS and the NM QWS at the interface further boosts the difference between the penetration depths of the two spin species. 17, 18 As a consequence of the spin-momentum-dependent penetration depth and trapping width, Rashba-type splittings arise in the NM QWSs. The physical diagram is illustrated in Figure 1 .
In this article, via combined first-principles calculations and analytical analyses, we propose a new type of large Rashba splitting in the NM QWS induced by the spin chirality of the Dirac SS in the TI substrate. We demonstrate that the momentum separation of the Rashba-like splitting in the Ag/Bi 2 Se 3 junction is the largest value among previously reported values for metal QWSs over non-metallic substrates. 13, 14 Moreover, the spin polarization of the induced spin splitting in QWSs could be nearly 100%, which is even higher than the typical value of 40-50% in the Dirac bands of TIs such as Bi 2 Se 3 . [38] [39] [40] Both properties are ideal for realizing spintronic devices at the nanoscale. To achieve the above-mentioned main goal of this work, we use the model system Ag/Bi 2 Se 3 to demonstrate the spin splitting in Ag QWSs induced by the Bi 2 Se 3 SS. From a theoretical viewpoint, the 4d transition metal Ag film with weaker SOC helps to clarify whether the SOC in the NM film or the interaction with the TI is the main driving force of the large Rashba splitting in the QWS. Practically, any type of NM or TI can fulfill the NM/TI heterostructure and the Rashba splitting in future experiments. Heavy elements such as Au, with strong SOC, could be intuitively an even better candidate.
MATERIALS AND METHODS
We perform first-principles calculations for the Ag(3-12 ML)/Bi 2 Se 3 (6QL) slab model using the full-potential projected augmented wave method 41, 42 as implemented in the Vienna Ab-initio Simulation Package (VASP) 43, 44 within the generalized gradient approximation. 45 The Ag(NML)/Bi 2 Se 3 (6QL) slab structure is optimized using a 11 × 11 × 1 Monkhorst-Pack k-point mesh over the two-dimensional irreducible Brillouin zone. SOC is included in the band structure calculations. In this paper, we show results of only the N = 5 case because, in this case, the QWS energy crosses the SS bands within the Bi 2 Se 3 bulk band gap, resulting in the maximum Rashba-like splitting among all the cases studied.
RESULTS AND DISCUSSION
To examine the proposed Rashba-type splitting in the NM/TI heterostructure depicted in Figure 1 , the lattice structure, site-spin(in-plane)-decomposed band structures and the charge profiles of Ag(5 ML)/Bi 2 Se 3 (6QL) from first-principles calculations are shown in Figure 2 . The significant interaction between the TI SSs and the Ag QWSs lifts the energy degeneracy of the SSs at different sides of the Bi 2 Se 3 layer. The Dirac point of the SS at the interface locates at approximately − 0.6 eV, whereas at the surface side the Dirac point locates at approximately − 0.4 eV. Because of the charge transfer from the Ag film on the Bi 2 Se 3 substrate, the Dirac SSs (DSSs) show electron-doping behaviors. At the surface side, the band dispersion of the DSS (Figure 2d ) is almost the same as that of the pristine Bi 2 Se 3 DSS (Figure 2b) . At the interface, the Bi 2 Se 3 SS and the SOC strongly affect the Ag QWSs crossing the TI SSs approximately within the TI bulk band gap, giving rise to the giant Rashba-type spin splitting of the Ag QWSs at approximately − 0.1 and − 0.4 eV, as shown in Figure 2e (see the green dashed boxes K1 and K2). The induced strong energy separation in these spin-splitting Ag QWSs is 0.35 eV (green vertical arrow in Figure 2e ), which is indeed large compared with the Rashba energy parameter, E R , of other reported systems listed in Supplementary Table S1 .
Furthermore, the QWS-SS interaction strength exhibits significant spin dependency: the Ag QWS interacts strongly with the Bi 2 Se 3 SS in the outer Rashba band (spin down along positive momentum in Figure 2e ), whereas they hybridize only weekly in the inner Rashba band (spin up along positive momentum in Figure 2e ). It can be observed in the top and middle panels of Figure 2f that the outer Rashba band (R1) is contributed by both the Ag QWSs and TI SSs, whereas the inner Rashba band (R2) is mainly the Ag QWSs. Because of the chiral spin texture of the Bi 2 Se 3 SS, the Ag QWS with the correct spin chirality can penetrate deeper into Bi 2 Se 3 (red curve in Figure 2f ) and interact strongly with the TI SS with lower band energy (red line in the green boxes in Figure 2e ), leaving the other spin chirality less hybridized with higher band energy (blue line in green boxes in Figure 2e ). The QWS-SS interaction strength depends not only on the spin but also on the momentum, as shown in the top and middle panels of Figure 2f . The outer Rashba band (R1) wavefunction distributes mainly in the Bi 2 Se 3 layer around the Γ-point (K1), whereas it locates mostly in the Ag layer away from the zone center (K2). This result demonstrates that the Ag QWS hybridizes with the TI SS strongly near the crossing point, whereas the hybridization strength decreases significantly beyond the zone center region.
A considerable Rashba splitting has been observed in the Ag SSs based on the Ag/Au junction. 46, 47 Because of the surface nature, the contributions of the Ag SSs on the transport properties are lower than those from the bulk-nature Ag QWSs. The spin-band splitting can commonly be described by the Bychkov-Rashba model 48, 49 and the Rashba parameter can be estimated by α R = ΔE/(2k x ). 36 As indicated by the green vertical arrow in Figure 2e , the α R obtained in our Ag QWS splitting reaches 1.75 eV A, which is one order of magnitude larger than that of the Ag SS splitting. The industrial potential of the Ag QWS splitting in our Ag/Bi 2 Se 3 junction is clearly much more promising. Figure 3a shows a three-dimensional sketch of the upside-down bell-like energy surfaces of the Rashba bands (the R1 and R2 bands in Figure 2 ). The spin textures can be seen clearly in the projected twodimensional energy contours in Figure 3b . At an energy near − 0.3 eV, the in-plane spin texture of R1 displays left-hand chirality similar to the pristine Bi 2 Se 3 one (inner circle in the upper panel of Figure 3b ). At a higher energy where the R1 and R2 bands coexist, the spin textures of the outer (R1) and inner (R2) bands circulate in the opposite directions, keeping the overall time-reversal symmetry. The contours at a high energy around the Fermi level (E F ) show hexagonal-type shapes with stronger warping because of higher order terms of SOC. 50 Spin polarization is one of the most important factors for high-efficiency spintronics. In contrast to the fully spin-polarized TI SSs demonstrated by early phenomenological models, recent experiments 38 and first-principles calculations 39 manifest relatively low spin polarizations of 40-50% for the Dirac states because of the strong spin-orbit entanglements that the spin polarizations from different orbitals can suppress the total polarization. [38] [39] [40] As a result, searching for high spin polarization is urgently demanded. Figure 3c shows the spin polarization oS α 4 = oσ α 4/n o of the Rashba bands along the k x direction (Γ-K), where σ is the spin component, α = x, y, z and n o is the occupation. Surprisingly, the induced in-plane spin polarizations oS x,y 4 of the Rashba bands R2 and R1 around the Γ point (k x~0 .1 A − 1 ) are nearly 100% and 70%, respectively (Figure 3c , upper panel). Both cases overwhelm the recently observed value of 40% in the Bi 2 Se 3 DSS itself. 38 Away from the zone center, oS z 4 emerges and reduces the in-plane spin polarizations. By contrast, for a large momentum, k x~0 .4 Å − 1 , the out-of-plane spin polarizations oS z 4 of both the R2 and R1 bands also reach a very high value of 80% (Figure 3c, lower panel) . The high spin polarizations of these Ag QWSs are because of the single s-orbital character of the Ag QWSs, which results in reduced spin-orbital entanglements. Such entanglements drastically decrease the spin polarization in the multiorbital (p x,y,z ) TI DSSs. The multidirectional high spin polarizations could be manipulated by tuning both the E F and the k-vector, yielding highpotential applications for spintronics.
Although the TI SSs induced spin splitting in the Ag QWSs is termed 'Rashba-like bands' in this work, the origin is entirely different from the traditional Rashba splittings stemming from the surface or interface electric fields. To clarify this issue, we examined a series of Ag thicknesses in Ag(NML)/Bi 2 Se 3 (6QL) junction with N = 3, 4, 5, 6, 10 and 12 ML, and plotted the spin splitting ΔE of the Ag QWS for all these systems as functions of the momentum together in Figure 4a . In general, the remarkable Rashba-type splittings of Ag QWSs appear in all the studied cases (see also the Supplementary Figure S1) . Surprisingly, the energy gap ΔE between two spin bands 36 is extremely large with the magic thicknesses of 5 and 12 ML Ag, as shown in Figure 4a . These Rashba splittings can be explained by the combined hybridization and spin-dependent scattering mechanism. In the following, we first discuss the spin-dependent scattering at the NM-TI interface induced by the TI SOC, and then discuss the hybridization between the NM QWSs and the TI chiral spin DSSs.
For most junctions (except the 5 and 12 ML Ag cases), we prove in the following that their moderate Rashba-type splitting in the metallic QWS is solely generated by the spin-dependent reflection at the NM-TI interface. For an electron with effective mass m ⋆ , energy E and momentum {k x , k z } reflected by the substrate with a potential barrier V, the tunneling state is exp[ − γ z z+ik x x] with decay constant
Here, the potential V approximates the effects from both the band offset between NM and TI layers, and the Schottky barrier at the NM-TI interface. 51 We have used the condition V≫E in the above approximation, which is reasonable for the Ag/Bi 2 Se 3 junctions. As the TI SOC causes the Rashba-type splitting by affecting the tunneling part of the metallic QWS, the spin gap ΔE defined in Figure 2a should be proportional to the tunneling amplitude in TI:
Here, N is the thickness (ML) of the metallic slab and W is the interlayer distance between NM and TI layers. The spectra calculated with different interface spacing (W) are shown in Supplementary  Figure S5a ,b. Both the momentum offset k 0 and energy difference ΔE in the Rashba-type splitting decay exponentially with increasing interface spacing W (Supplementary Figure S5c) , being consistent with equation (2). Below, we focus on the impact of the Ag thickness N with the geometrically optimized interlayer spacing W~2.6 Å in the junctions.
The prefactor 1/(Nm ⋆ ) obtained analytically from Supplementary equation S8 would suppress the weighting (impact) of the tunneling part in the NM QWS and reduce the energy separation upon increasing the NM thickness (electron-effective mass). The spin gap ΔE is an exponential growth of the energy E in equation (2). The slope of growth (Figure 4a) can be approximately fitted as 1.73 eV − 1 in the Ag/Bi 2 Se 3 junction (see inner panel in Figure 4b ). Moreover, the splitting also exponentially decays with the square of momentum, and all moderate Rashba-type splittings can be described by a universal The results in a are described by a universal formula ΔE ∝ exp(αE − βk x 2 ), as provided in equation (2). The α is obtained as 1.73 in the inner b by comparing results with fixing k x but different E. β is found as 3.62 in outer b by defining ΔE R = NΔE exp(−1.73 E eV − 1 ). QWS, quantum well state.
Newtype large Rashba splitting in quantum well states C-H Chang et al formula, which is rescaled by defining ΔE R = NΔE exp(−1.73 E eV − 1 ), as shown in the outer panel in Figure 4b . As we increase the momentum in the Ag QWS, the energy part increases ΔE while the momentum part decreases ΔE. The competition between them results in a slight increment of ΔE upon increasing the momentum, as shown in Figure 4a . This trend is consistent with the spin-dependent reflection-induced Rashba-type splitting observed in Au(111)/W(110) with strong SOC. 36 Here, we provide the first theory for this feature.
For junctions with magic thicknesses of 5 and 12 ML Ag, the splittings are extremely large, and ΔE grows again when the momentum is smaller than 0.2 Å − 1 , as shown in Figure 4a . In addition to the spin-dependent reflection that gives the overall increasing ΔE for larger k x , the strong hybridization between the Ag QWS and the TI SS for small k x is evidenced by the real space charge distribution shown in Figure 2f and Supplementary Figure S2c . The origin can be understood by the in-gap interaction between the Ag QWS and the TI SS in the momentum-energy space compared with Figure 2b -e. The strong hybridization occurs in Ag(5 ML)/Bi 2 Se 3 as the n = 4 Ag QWS (Figure 2c ) shifts into the TI bulk band gap (Figure 2b ) and interacts directly with the TI SS around the zone center (Figure 2d and e) . The hybridization effect strongly drives the energy separation and leads to the giant splittings in the Ag QWS. Similarly, large Rashba splitting happens again in Ag(12 ML)/Bi 2 Se 3 because another Ag QWS moves into the TI bulk band gap because of the thickness-dependent nature, 52 as shown in the Supplementary Figure S1 . Otherwise, the Ag QWS would also largely hybridize with the TI bulk bands and weaken the spin splitting as observed in the other cases (Supplementary Figures S1 and S2 ). For the R1 band (Figure 2d ) close to the Γ point (K1, Figure 2e) , the charge profile shown in the upper panel of Figure 2f is similar to the TI SSs (R3 in the lower panel of Figure 2f ) that is modulated by the Ag overlayer. 53 Considering the hybridization effect, the increasing trend of the spin gap for k x o0.2 Å − 1 (Figure 4a ) and the Rashba-type splitting near the Γ point (Figure 2e ) can be well reproduced by the analytical method, as shown in the Supplementary Figure S4 . However, as for the R 1 band away from the zone center (also away from the TI SS), for example, around the Fermi level (K2 in Figure 2e ), the R1 band is basically the Ag QWS modulated by the spin-dependent reflection at the TI interface. It can be seen clearly in the middle panel of Figure 2f that more than 60% of the spin-down electron cloud (red region) locates inside the Ag layer. Moreover, the R2 and R3 bands are mainly the Ag QWSs and TI SSs, respectively, as evidenced by their chargedensity profiles shown in Figure 2f .
In thin metal films, pure hybridizations between QWSs and SSs with huge Rashba splittings have been investigated intensively. [17] [18] [19] The induced splittings in QWSs are not of the Rashba-type, and the spin gaps decrease dramatically when they leave the QWS SSs crossing points. Only with the combined effect from the strong in-gap hybridization for small k x and the spin-dependent scattering for large k x can the huge Rashba-type splitting in the Ag QWSs be generated over a large part of the Brillouin zone, which is proposed in this work for the first time.
To unambiguously demonstrate that the origin of the Rashba splitting in Ag/Bi 2 Se 3 is indeed the strong interaction between Ag QWS and the chiral TI SS, we also explore Rashba splitting in the Ag (5 ML)/Bi 2 Se 3 /Ag(5 ML) trilayer with the structure inversion symmetry, as shown in Figure 5 . For the Ag(5 ML)/Bi 2 Se 3 bilayer (Figure 5a and b), both the traditional Rashba splitting (green arrows) and our proposed new-type Rashba splitting (orange circle) coexist. As the traditional Rashba splitting is induced by breaking the structure inversion symmetry, [54] [55] [56] it is thus eliminated in the Ag(5 ML)/ Bi 2 Se 3 /Ag(5 ML) trilayer (Figure 5c ) with inversion symmetry, as indicated by the green arrows. By contrast, our proposed spin-chirality-induced Rashba-type splitting in the Ag QWSs of the Ag(5 ML)/Bi 2 Se 3 /Ag(5 ML) trilayer (orange circle in Figure 5c ) remains nearly the same as that in the Ag(5 ML)/Bi 2 Se 3 bilayer (orange circle in Figure 5a and b). The only difference now is that the two surfaces at the TI spacer contain opposite spin chiralities. Therefore, the induced splittings become doubly degenerate with opposite spin polarizations on the Ag QWSs in the right-and left-hand side Ag cover layers.
To date, the largest splitting in occupied metal QWSs has been generated by the pure spin-dependent reflection in the Au(111)/W (110). 36 The obtained Rashba parameter α is~0.16 eV Å. 36 The largest value for Ag, α ≈ 0.1 eV Å is found in the Ag SS on an Au substrate. 46, 47 In our proposed Ag/Bi 2 Se 3 junction, the Rashba parameter, reaching 1.75 eV Å in Figure 2e , is one order of magnitude larger than those in the above two systems. Furthermore, the momentum separation between two spin bands is important, for it directly determines the spin precession length and the minimum size of the spin transistor. 1 As shown in Figure 2e , the momentum Ag (5ML)/Bi 2 Se 3 Ag (5ML)/Bi 2 Se 3 /Ag(5ML) separation sensitively depends on energy that it increases from 0.14 to 0.18 Å − 1 along with the decreasing energy from E F to − 0.1 eV. Among all systems based on non-metallic substrates reported, 13, 14 our maximum momentum separation of 0.18 Å − 1 is the largest value ever reported (Supplementary Table S1 ).
Here, we emphasize that the giant momentum separation of 0.18 Å − 1 , obtained in a Ag/Bi 2 Se 3 heterostructure, corresponds to a spin precession length of 1.7 nm, which would make the Datta-Das spin transistor possible at the nanoscale. Moreover, the large energy separation of 0.35 eV at E F is an order of magnitude larger than the thermal energy k B T at room temperature. Thus, the generated spin current would be stable at room temperature. 14 The size dependence of the spin splitting on both the energy and momentum also provides two controlling parameters for manipulating the spintronic devices. In addition to the large Rashba splitting, the Ag QWSs behave similarly to TI SSs in the energy region with a strong hybridization effect around the zone center (R1 state in the upper panel of Figure 2f ), and provide better transport properties and much higher spin polarizations. The proposed NM/TI heterostructure would make real industrial applications more feasible than the TI itself.
CONCLUSIONS
In summary, we propose a new mechanism combining in-gap strong hybridization and spin-dependent scattering effects to manufacture the large Rashba-type splitting in NM QWSs. The calculated momentum separation of~0.18 Å − 1 of the Ag QWS in the Ag/Bi 2 Se 3 heterostructure is the largest one among all metal films based on nonmetallic substrates. Our study has added metal QWSs to the family of materials that can produce large Rashba-type splittings. Furthermore, the induced spin polarization in the Ag QWS is nearly 100%, which is much higher than that in the TI SS itself. In addition to the large band splitting, high spin polarization and better transport properties, the NM QWS also avoids the difficulties of dealing with TI SSs or interfacial two-dimensional electron gases. We emphasize that the Ag/ Bi 2 Se 3 junction studied in this work is a model system for displaying the DSS-induced spin splitting in QWSs. We have performed similar calculations for Au/Bi 2 Se 3 and Ag/Bi 2 Te 3 and obtained similar results, demonstrating that various NM/TI heterostructures would be possible for fulfilling our proposed mechanism of high-efficiency spintronics. Recently, different types of NM/TI systems have been manufactured, 57, 58 and the first Datta-Das spin transistor has been realized. 7 Our work thus invites experiments to realize our proposed mechanism.
